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1.0 Summary

Explosion seismograms recorded at upper mantle distances in northwest
Eurasia are examined for the purpose of characterizing their time
domain signature and determining the effectiveness of a Pearce
algorithm discrimination scheme at these distances. The amplitude
and timing of the major P-wave branches in the distance range 500 to
4000 km are predictable in terms of some simple published upper mantle
velocity models. The signature of the explosion seismograms is then
compared to predicted earthquake seismograms, using a double couple at
depth model for the earthquake, to estimate the discrimination
potential of this data. In most cases, an explosion should be
distinguishable from an earthquake at depths greater than 15 km, given

several azimuthally well-distributed station.

Theoretical modeling using complete synthetic seismogrdms for proposed
P- and S-wave velocity structures and attenuation models indicate that
the P-wave amplitudes remain nearly constant from 800 to 3000 km and
are a factor of 3 larger than the amplitudes predicted at teleseismic
distances. Between 2000 and 2500 km the waveforms are very complex,
due the presence of 5 major P-wave arrivals in the first 10 s. Beyond
3000 km the first arrival is small relative to a large coda apparently
caused by scattering off the ends of the 400 and 700 km

discontinuities.

We interpret later arrivals in the coda of the seismograms as either

upper mantle arrival branches or depth phases from earthquakes. If a




large phase arrives outside of some time window in which an upper
mantle P arrival is expected, then it interpreted to be a depth phase
from an earthquake. About 90% of the available explosion seismograms
do not have dominant arrivals outside of the predicted windows.
Forty-five percent of a sample of earthquake seismograms have large
arrivals in addition to the upper mantle phases. The earthquake data
is, however, from single station data and such an approach will

require data at several different azimuths.

we tested some waveform processing methods to enhance the detection of
later phases that are consistent between stations. In some cases, a
spiking filter applied to the autocorrelation of the seismograms
enabled us to isolate the depth phases when several stations at
different distances and azimuths from an event could be compared and
stacked. A much more difficult problem is the determination of the
polarity of the later arrivals; due to the high amplitude of the
coda, the signal to noise ratio for these arrivals is not sufficient

to estimate polarity.




2.0 Introduction

Seismic body waves at distances less than 3000 km are very complex due
to strong vertical heterogeneity in the upper mantle velocity
structure. At least three major velocity discontinuities between the
surface and 700 km produce multiple P (and S) wave arrivals throughout
this distance range. The complexity introduced into the seismograms
due to structure obscures many of the details of the source processes,
and data in this distance range have been largely ignored for the
purposes of detailed source modeling. However, in order to monitor
small underground nuclear tests, it is important to know if the
structural effects can be sufficiently calibrated so that source
parameters useful for discrimination can be resolved. 1In the
following report, we will be concerned with analyzing P-wave data from
700 to 3000 km in northern Europe and western Russia to isolate those
features in the seismograms that can be related to the depth and
radiation pattern of a seismic event, which in turn can be used for

discrimination.

When underground testing of nuclear explosions began, it was noticed
that seismograms from explosions were much simpler than seismograrmrs
from earthquakes (Douglas, 1966, 1981). However, straightforward
characterization of the complexity of a wavetrain did not turn out to
be a useful discriminant since some earthquakes looked like explosions

and seismograms from explosions showed some puzzling complexities
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(Thirlaway, 1967). With the discovery of the m - M. discriminant,

S
complexity as a simple parameter ceased to be of much interest as a
discriminant. However, there remains considerable interest in
modeling the complexity observed in seismograms in terms of well
understood phenomena and interpreting the results in the context of
discrimination. Two characteristics of the earthquake and explosion
sources lend themselves to modeling: the source depth and the focal

mechanism.

The depth of earthquakes, tvpically greater than 3 km, introduces
complexity into the seismograms due to the later arriving reflections
of the body waves from the free surface. An explosion is usually
close enough to the surface that the separation between P and pP is
less than a second. Furthermore, an earthquake generates substantial
S waves; the maximum S-wave amplitude is a factor of 4 to 5 larger
than the maximum P-wave amplitude. The S waves can reflect from the
free surface and other near-source heterogeneities adding to the
complex appearance of the seismogram. In addition, an earthquake has
a radiation pattern that causes the appearance of the seismograms, in
particular the relative amplitude of the later arriving phases, to

vary with azimuth and distance.

Thus, earthquakes should, for a variety of reasons, produce
seismograms that are very different in appearance from explosions.
The differences should become more evident when seismograms from

several stations are compared and systematic similarities and




differences are explored. A typical example of this kind of analysis
is the routine processing of pP observations to obtain depth. The pP
- P time and the sP - P times should systematically decrease with

distance from an event. Cbserving this "step-out" is a usual way of

confirming the identification of a particular phase as a surface

G G E-E =

reflection.

Pearce (1977, 1979, 1980) developed an algorithm for using the
relative amplitudes of the P, pP, and sP phases recorded on a
seismogram, in addition to the standard measurements of polarity, as
constraints in determining earthquake focal mechanisms. This
technique has attracted attention as a discrimination tool since it
provides a framework for interpreting a suite of seismograms from an
event in terms of a physical model in which earthquakes and explosions
are fundamentally different. Furthermore, the method uses relative
amplitudes and can, in principle, provide valuable constraints on the

source mechanism with fewer stations and poorer signal quality than is

G G W0 o & . e

required by the traditional methods that use polarity. MclLaughlin et

al. (1983, 1985) implemented the technique to test its usefulness as a
discrimination tool. Subsequent work by those authors has extended
the method to provide an estimate of the likelihood of a particular
mechanism, which is valuable to formally compare different
interpretations of the same data.

McLaughlin et al. (1983) found that there was a certain minimum

complexity expected in a group ot seismograms that are azimuthally

well distributed around an earthquake. With four or more stations




recording the event, they found that it was probable that pP or sP
would be a dominant phase (larger than the P wave) on at least one
record. This suggests that by simply observing the amplitude of the
P-wave coda relative to the P wave at several azimuths sufficient
constraints can be placed on the amplitudes of the surface
reflections, pP and sP, to confirm that the event was either an

explosion or a very shallow earthquake.

The Pearce algorithm can detect when a set of seismograms are
incompatible with a double couple mechanism, but it is very difficult
to unambiguously determine an event to be an earthquake, since methods
of detonating multiple explosions to simulate earthquakes are
conceivable. For better constraints on the source process, it is
desirable to have absolute polarity information for the initial and
later arrivals. Large dilatational arrivals will probably be
associated with an earthquake. Polarities are usually read by
observing the first motion of a phase, which requires a good signal to
noise ratio over a broad frequency band. Determining the polarity of
phases arriving in the coda of the initial P wave is often very
difficult. Smart and McLaughlin (1985) have developed a correlation
technique to determine the relative polarities 'of the P and pP waves
for all seismograms from a network to determine consistent polarity
readings for all stations recording an event. The results can be used
in addition to the relative amplitude data in the Pearce processor, or
as input to a simple first motion focal plane method. This method

appears to show some promise for events with clearly defined depth




phase arrivals, however it is difficult to assess its performance in

cases of low signal level or complex waveforms.

Most of these tools for analyzing body wave seismograms for
determining probable source mechanisms are useful only in the distance
range from 3000 to 10000 km where the propagation effects are
reasonably homogeneous and well known throughout the world. To apply
these methods to small events, we need to use seismograms that are
closer to the source. Aside from the obvious increase in amplitude
due to simply being nearer the source, the velocity gradients in the
uppermost 700 km are larger than in the deeper mantle and this feature
has a tendency to further enhance the amplitudes of the P waves due to
focusing. The amplitude increase is often offset by high attenuation
in the uppermost mantle; however, for stable continental paths, the Q
in the uppermost mantle is high enough to still anticipate an
appreciable amplitude enhancement in data at distances less than 3000

km.

The purpose of our research is to investigate wave propagation at
distances of less than 3000 km to see if the features in the
seismograms relating to source depth and fault mechanism can be
reliably detected for the purposes of discrimination. We are
particularly interested in whether the techniques that are promising
at teleseismic distances can be applied at upper mantle distances. 1In
a preavious report (Given et al., 1987) we reviéwed the general
features of wave propagation in northern Europe and the western Soviet

Union and concluded that many of these features could be attributed to




the upper mantle structure and, more importantly, could be predicted
on the basis of the results of previous studies on the velocity
structure. For the explosions that we observed, there were few
surprises in the form of large later arrivals that did not correspond
to predicted arrivals from some simple models of the P-wave velocity
structure. However, as expected, the P- wave coda from simple
explosions is energetic compared to what is typically observed on
explosion seismograms at teleseismic distances and determining the
amplitude and polarity of later arrivals will be more difficult.
Nevertheless, we determined that if we could constrain the surface
reflections to be smaller than a maximum coda amplitude that is
smaller than the direct P at a minimum of four stations with good
azimuthal coverage, then the observed seismograms are incompatible
with an earthquake source. However, because of uncertainties in the
relative arrival times of the different P-wave branches, the minimum
depth of events for which this may be a useful discrimination tool is
between 10 and 15 km. In our previous report we also introduced some
correlation techniques to enhance the observability of the depth

phases and determine the relative polarity.

In the following report, we will present more information pertaining
to the propagation characteristics of northwest Eurasia. We have
completed a modeling study to determine the amplitude enhancement we
should expect at the upper mantle ranges if current models of
attenuation are taken into account. We will show a preliminary
assessment of how well some complexity measurements, when interpreted

by a Pearce processor, or similar algorithm, can separate earthquakes




and explosions. We will present more results on applying a

correlation method to detect depth phases in actual data.




3.0 Characteristics of P-Wave Seismograms at Upper Mantle Distances in

Northwest Eurasia

At distances less than 30°, the P waves are made up of as many as five
separate arrivals, due to the vertical velocity heterogeneity in the
upper mantle. If a source signature, diagnostic of the source depth
of mechanism, is to be extracted from these phases, the timing and
relative amplitudes of the upper mantle arrivals must be predictable.
As a preliminary to devising any strategy for using these waveforms to
constrain source parameters, we will examine the predictability of
seismograms at these distances. In our previous report, (Given et
al., 1987) we presented a review of the pertinent observations that
can be used to characterize seismograms recorded at the regional to
upper mantle distances (500 - 3500 km). In the following, we will

briefly summarize the results of that discussion.

Figure 1 presents a travel time curve for a particularly simple
velocity model, KCA, derived from observations at the NORSAR array by
King and Calcagnile (1976). Since model KCA was derived to predict
only the travel time and apparent velocity data, we must characterize
the general amplitude and waveform behavior even if only in some
qualitative way. One way is to derive a more complex velocity model
that also fits the amplitudes, such as model K8 (Given and Helmberger,
1980) as discussed in the previous report. Instead, we will present a
semi-quantitative characterization of the amplitude behavior of the

various P-wave branches as labeled in Figure 1. Figure 2 shows the

.
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northwest Eurasia.
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KCA velocity model, and Figure 3 shows a synthetic seismogram record
section for the model between 1500 and 3500 km. The synthetics were
calculated using a WKBJ method (Chapman, 1976) and include a short
period instrument, similar to the ones employed at NORESS, and a
constant t¥* (T/Q) of 0.2 s. Figure 4 shows an example of the
available data from explosions at upper mantle distances in northern
Europe and western Asia. The source - receiver distribution is shown

in Figure 5.

Figure 4 shows that, with few exceptions, the dominant P-wave arrivals

are consistent with those predicted by model KCA. However, there is
considerable additional complexity that is not predicted by the upper
mantle structure. However, we should expect the P-wave coda to be
enhanced at these distances, relative to the direct P waves. There
will be a coda associated with each of direct P arrivals that will
interfere constructively, increasing the overall coda amplitude. On
the other hand, the individual P arrivals will not, in general, arrive
simultaneously and interfere constructively. Array processing, such
as beamforming, stacking, and polarization filtering will clean up
these seismograms by reducing near receiver noise, however the signal

to noise ratio of the later arrivals will always be higher than at

teleseismic (>30°) distances. In the following, we will summarize the
general behavior of the upper mantle arrivals with attention toward

determining those branches that are reliable and easily observed.
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The PA branch is observed as a strong, discrete arrival between 700

B
and 1300 km and probably shows little change in character at nearer

distances where it is indistinguishable from Pn. Model KCA shows a

smoothly varving structure from 40 to 400 km, but little data was
available to constrain the upper 150 km. The important feature of the
model is the small, positive velocity gradient in that region, which
tends to enhance the amplitude of the initial P- arrival. As Figure 4

shows, bevond 1500 km the PAB phase rapidly diminishes in amplitude,

relative to the coda, which includes the PCD branch. Thus, the

character of the first arrivals becomes more emergent, with
observations of very small precursors to the P wave for some source -
receiver pairs, such as Novaya Zemlya explosions recorded at NORSAR

and NORESS. The PAB branch again appears as a distinct later phase

beyvond 2500 km, where it becomes sufficiently separated in time from

the other, earlier branches. Beyond 2800 km, the PAB phase again

becomes an emergent phase with an extended coda. The observability of

the PAB phase becomes more erratic and unreliable at larger distances,

with occasional observations to ranges of 3800 km. The variability of
this phase at distances beyond 2500 km makes it difficult to predict
its amplitude; however the arrival time is accurately predicted by

model KCA when the phase appears.

In northern Europe and the western Soviet Union, the PCD branch is the

dominant arrival in the distance range 1500 to 3000 km. It emerges as

a discrete phase 10 to 12 s after the first arrival at 1500 km and




disappears about 4 s after the first arrival at 3000 km. Since the
energy travels mostly in the 400 to 700 km depth range, it is less
affected by lateral heterogeneity than the energy that travels at
shallower depths and thus may be more useful for location purposes and
for isolating depth phases. The amplitude of this phase can be as
much as a factor of 10 larger than the first arrivals at nearer
distance ranges. This enhancement may be due in part to some kind of
shadowing of the first arrivals by either attenuation or structure at

shallower depths.

At distances between 1700 and 2100 km, there is evidence for a strong

phase between the first arrival, PAB’ and the PCD arrival. This may

suggest additional structure in the upper mantle; however, for our
purposes it increases the complexity of the observations and decreases

the reliability of identification of the PCD branch.

The PEF phase emerges at 2000 km, delayed about 8 s from the first

arrivals and extends to teleseismic distances, becoming the first
arrival near 2800 km. The amplitude of this phase is small (by about

a factor of 3) relative to the amplitude of the PCD phase, due to the

small velocity gradients below the 700 km discontinuity. Therefore,
this phase is poorly observed at the nearer ranges where it is a later
arrival. In some regions of the world, it is well observed at
distances less than 2000 km (e.g. Walck, 1984), which may explain the
large later phases on seismograms near 2000 km in Figure 4. These

records are from station MAIO for Soviet explosions at East Kazakh,

18.




which is removed from northwest Eurasia but displays many features in

the P wave that are similar to those observed in that region.

Eurasia

The synthetic section presented in Figure 3 provides valuable insight
into interference and focusing effects due to the velocity structure.
However, the computational model ignores some important propagation
effects, such as multiple reflections and diffractions, that
contribute to the observed complexity in the seismograms. Especially
important are the diffraction and reflections that occur off the ends
of the triplication branches. To investigate the implications of
velocity and attenuation models for using the upper mantle data in
source modeling, and to see how well current models predict the
observations, we computed a synthetic seismogram section for the
distance range 500 to 4000 km. The computational method was a
wavenumber integration algorithm (Apsel and Luco, 1984), that computes
the complete seismogram, including all multiples, and includes a
general, frequency dependent, attenuation model. The P-wave velocity
model was a layered approximation to model KCA, the S velocity model
was taken from model EU2 of Lerner - Lam and Jordan (1984), and the Q
model was adapted from Der et al. (1986); the models are shown in
Figure 6. The calculations were carried out to 3 Hz and convolved
with a 1 Hz Ricker wavelet (essentially a bandpass filter centered at
1 Hz) for display. The resulting sections for the P-waves are shown

in Figure 7a - 7d.
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Figure 7a shows a strong PAB (or Pn) between 500 and 1500 km, with the
amplitude of the Prl actually increasing between 500 and 1200 km. The

reflection from the 400 km discontinuity, the beginning of the PCD

phase, should be clearly observable by 1500 km. The Pg (or PmP, the

post-critical reflection from the Moho) should be well observed to
beyond 1000 km. Langston, (1982) has done similar calculations to

model the differences in the Pn and Pg propagation between the eastern

and western U. S. His results are similar to ours except that PmP and

Pg are separate, due to a midcrustal increase in velocity in his

aodel; thus, the large reflection from the Moho is not as pronounced

in his calculations.

The results shown in Figure 7 do not quite predict the observed

amplitude decay of the PAB branch beyond 1300 km. Typical examples of

the amplitude decay are shown in Figures 8 and 9. Figure 9 is taken
from Given (1984) and is consistent with the data presented in King
and Calcagnile (1976) for this distance range (see their Figure 2).
The misfit in relative amplitudes can easily be explained by an
increase in attenuation in the uppermost mantle. Otherwise, the
models of velocity and attenuation qualitatively predict the observed

seismograms from northwest Eurasia.

Several features of the calculations are particularly worth noting.
The peak amplitude between 800 and 3000 km is virtually constant and a

factor of 3 or so larger than the amplitudes predicted for teleseismic
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Short and Long Period
Observations from 9°-18°
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Observed seismograms of Soviet presumed explosions

recorded on short and long period WWSSN seismograms.
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distances. Thus, there appears further reason to suspect that there
will be significant signal enhancement at these ranges. The

retrograde travel time branches, PBC and PDE’ are predicted to be of

significant amplitude and, when all 5 branches are arriving at
distances between 2000 and 2500 km, the seismograms are very complex
for nearly 10 seconds. It will be very difficult to use data at these

distances for detailed source determination.

We note further that these models predict simple, impulsive, Pn and Sn

phases from 700 to 1500 km that should be well observed and very
sensitive to the source mechanism. Since S wave radiation should be a
powerful discriminant, it is useful to present some observations that
support these models at distances between 700 and 1500 km. Figures 10
and 11 show two Novaya Zemlya explosions recorded at the digital WWSSN

station at KEV, Finland. Pn does show some unexpected complexity; in

particular, there is a large second phase delayed by 12 s that is not
predicted by the theoretical calculations. This may be due to a high
velocity layer in the lower crust, or it may be a PP phase. A small
PP phase is seen about 9 sec after the initial P in the synthetic

section in Figure 7a. Sn also appears particularly strong in Figures

10 and 11, indicating significant S wave radiation for these events.
Figures 12 and 13 show the same seismograms after a high pass filter
with a corner at 4 Hz has been applied. At the high frequencies, the

large amplitude Sn phase has been substantially attenuated.




30.

S 1°66 = IWI1l NIDIHD - 3WIL LHULS tWM ¥PPOT1 = 3DNULISIO

(33S) 3Nl
¥ 413 VT4 01 0

\«r l T +

?\é\%&%ﬁ\\(}é
L(\i)()(>7>\(Sl?\/kf<>(>L>&(>}>(Si\/S(S(IS)\)ﬁ)k/))&/l)&)\)(\(??bQ/\/S)VLﬁ.w

A ANAANANS | AAAAANANAN NSNS

SINIW3IHINI S 0S
Observed short-period vertical seismograms at DWWSSN

station KEV from Novaya Zemlya explosion.

T —+ —
0

3
ov 114 4

o4
-
I

2861 4390120 11 40 NDISD1dX3 UATWIZ UAUADN 40 OHDI3IH ZdS AIM

Figure 10.




31.

2201 = 3WIL NIDIHD - 3WIL LHBLIS tWM 9501 = 3INULISIO

(338) 3NW11L
0E 0¢
¢ +

- O
Tw
~+O
-—
(=

N A AN AN A A AAANAANNA AN ANV AAN AN

PANANAAN AL AN NN NANNNNAANA AN 78

SLIN3H3HINI S 0S8

b e

—_———— +
+
14 ]

Observed short-period vertical seismograms at DWWSSN

station KEV from Novaya Zemlya explosion.

11.

D

[

¥861 YIBD1ID GZ 40 NDISDTI4X3 YATWIZ HAUAON 40 0HDI3IH ZdS A3M

Figure




S 1°66 = 3IWIL NIOIHD - 3IWIL LUULS ¢HM ¥¥O1 = 3IINULSIO

(3351 3Wll
0¥ 0E 0z 01 0
——t “ ¢

Frnas v s A A - VAt VNSO VNV V.V A ‘g

SLN3IWIYINTI S 0S
Same seismogram as shown in Figure 10 except filtered

with high pass filter at 4Hz.

Ll
N Ll*| A 4 ; ~ L.
oz

ob o€ D1 )
0 0344 L 3obHL "S310d /M H3LT14 SSHd HDIH OHW 03HHNOS
2861 Y38D10JD 11 4D NDISDI4X3 BAIW3IZ BAUADN 40 0OHWDI3H Z2d4S A3IM

Figure 12.

llllll'lll'll'llll'




33.

Z°201 = 3INIL NIDIHD - IWIL LHYLS tWN 9SD1 = 3DNUILSIO

(3351 3Wll
DE
t

+0
’-N
<O
—

S ‘I\I*II$
114

0°v 0344

$861 HIQDLID SZ 4D NDISDdX3 HATW3Z BAUADN 30 QHDI3IH ZdS A3IM

. —
114 01
HILT14 SSHd HOIH DUW (34BNDBS

faue B
m

e

‘0

SINIWIHWINT S 0§

Same seismogram as shown in Figure 11 except filtered

with high pass filter at 4 Hz.

13.

rigure




These observations are repeated at the same station for other
explosions at different distances and azimuths. Figures 14, 15, 16,

and 17 show unfiltered and filtered seismograms from two other

explosions in Western Russia. At 700 km the Sn phase and Pn phase are

roughly the same amplitude and this does not change for the filtered

results. For the observation at 1300 km, the Pn phase is, again,
enhanced at the higher frequencies relative to Sn. Of course these

observations are single component, short period vertical instrument

and Sn should be more readily observed on three component instruments.

Nevertheless the velocity and attenuation structures predicted for

this region imply that both S, and P should be well observed and

should be very sensitive to the source mechanism. The biggest problem
in utilizing this data is taking into account the large variations in

the propagation path, and detecting whether Sn and Pn amplitudes are

being affected by propagation anomalies or source radiation.

3.2 Path Calibration Considerations

Calibrating the upper mantle structure of northern Europe and western
Russia is a relatively straightforward task. The Soviets have
detonated numerous tests at several different sites and have used
nuclear explosions for construction projects throughout the region.
With the proximity of the NORSAR array, studies like that of King and

Calcagnile (1976) enable the determination of the important features

34,
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of the velocity structure. The availability of additional data from
the GDSN and WWSSN stations in northwest Eurasia helps to confirm the
important predictable details of the uppermantle seismograms and

indicate the effects of lateral wvariations in the structure.

A program to monitor small nuclear explosions throughout Asia with a
network of seismographs will require that we determine the upper
mantle structure in a region where very little data of any kind has
been previously available. Lacking the high quality explosion data
available from western Russia, we will need to develop ways to use
earthquake seismograms to estimate the effects of structure on the
seismograms. Arrays and networks have found widespread use for
determining upper mantle structure using data from earthquakes, (e.g.
Simpson, et al., 1974; Walck, 1984, 1985). Studies using earthquake
data recorded at NORSAR and UKAE arrays have had some success in
estimating the velocity structure (e.g. England et al., 1977),
however the arrays necessary to determine the velocity structure in
central and eastern Asia may not be available. Therefore, we need to

develop the capability to use earthquake seismograms to constrain the

important features of the P waves at upper mantle distances.

In contrast to previous scientific studies, in which the velocity
structure was the objective and precise measurement of travel time and
apparent velocities were emphasized, our desired regionalization
requires only that we recognize the presence of later arriving
branches and their approximate arrival times. While measuring the

arrival times of the different branches to an accuracy of 0.5-1.0 s is




not sufficient for detailed velocity analysis, it may be adequate for
our purpose of recognizing the major upper mantle arrivals. Thus it
may be possible to use earthquake seismograms from individual

stations, which have been processed to minimize the effects of local
receiver structure, to estimate what an explosion should look like in

regions where no explosion data is available.

A substantial effort was directed toward developing techniques to
isolate upper mantle branches in earthquake data using the NORESS
array. High quality array data, or 3 - component data, was deemed
necessary to minimize contamination due to near receiver structure.
It was hoped that sufficient data could be obtained to implement a
velocity stacking method to define "average" seismograms for a given
region. Clearly, a large amount of data would be required to account
for the tremendous variation in earthquake seismograms due to

radiation patterns, depth effects, and complex sources.

Our approach to processing the data is similar to those methods used
to interpolate seismic reflection and refraction data in the tau - p,
or intercept time - apparent velocity, domain (Thorson and Claerbout,
1985; Kappus et al., 1987). Transformation from the time - distance
domain to the tau - p domain is accomplished via a generalized inverse
algorithm in order to account for missing and erratic data. To
account for unknown polarities, the envelopes of the seismograms can
be used. The result of the processing is a tau - p representation of
the seismic wavefield, valid over the range of distances spanned by

the input data, that can be inverted to determine a representative

40.
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seismogram at any distance within that range. This representative
seismogram will show the effects of the upper mantle structure
including relative amplitudes of the major branches; the complexities
due to depth and radiation patterns are attenuated, since they should

vary randomly between seismograms.

Unfortunately, this part of the study required substantially more
resources than was originally anticipated, and at the time, the
necessary data was not available. The preliminary results showed
arrivals that agreed with known structural effects, but the large
variations in the earthquake data introduced an unacceptable amount of
noise into the interpolated seismograms, suggesting that a large
amount of carefully selected data may be necessary. However, in an
environment with efficient access to a large database of high-quality
seismograms, the approach may prove useful for estimating the

structural effects on regional and upper mantle seismograms.




4.0 Evaluation of the Pearce Algorithm at Upper Mantle Distances Using

a Complexity Measure

Previous studies have evaluated the Pearce algorithm applied to the
analysis of events using teleseismic data (McLaughlin et al., 1983).
In our previous report, (Given et al., 1987) we have shown how the
algorithm may be applied to events using data from upper mantle
distances. To further evaluate the performance of the Pearce
algorithm as a discrimination tool, we would prefer to analyze a
number of individual events. However, we are interested in small

events with high quality short period data from a restricted distance

range (50 to 300) and few small explosions or garthquakes have the
necessary coverage with modern instrumentation to adequately
constrain, or rule out, a double couple mechanism. Another way to
evaluate the potential performance of the Pearce algorithm using data
at these distances is to put constraints on the relative amplitudes of
possible depth phases based on actual observations of explosions at
upper mantle distances. In other words, we will estimate how large a
depth phase (pP or sP) can be hidden in the coda of the observed
explosion seismograms. Using these constraints, we can then determine
what source - receiver geometry is necessary to provide the minimum
amount of useful information and what the depth limitations of the

method are.

Synthetic tests using the Pearce algorithm have shown that, for simple

explosions, P-wave observations at 3 to 5 azimuthally well-distributed

42.




stations at upper mantle distances are sufficient to rule out all
possible earthquake focal mechanisms if the reflected phases pP and sP
can be constrained to be smaller than that of direct P (Given et al.,
1987; McLaughlin et al., 1983). This theoretical result provides a
basis for a complexity measurement that can be used to assess the
usefulness of a set of seismograms recorded from earthquakes and

explosions.

As discussed earlier, the velocity structure of the upper mantle

produces triplications in which there are as many as 5 arrivals from a

single source at distances between 1500 and 3500 km. Even so, if the
arrival times of the triplicated phases can be accurately predicted,
the amplitudes of arrivals not associated with the direct P arrivals
can be used to constrain the maximum relative amplitudes of the depth
phases. Therefore, we must first determine the appropriate
regionalization and upper mantle velocity structure necessary to
confidently estimate the arrival times of the different branches. 1In
a previous section of this report, and in our previous report, we
discussed the features of the observed seismograms at upper- mantle
distances in northwest Eurasia. For this part of the world, there has
been sufficient calibration to characterize the appearance of ».
explosion seismograms at upper mantle distances. We will develop and

evaluate our complexity model for this region using the conclusions

presented in those summaries.
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Figure 4 is a section of upper mantle seismograms from explosions in
the region with the travel time curve KCA superposed. These data are
from a wide region of central and western Asia and northern Europe,
vet, the KCA travel time curve accurately predicts the dominant
arrivals. Based on the agreement between the predicted and observed
phases, we determined time windows in which P-wave arrivals were
expected. The amplitude that occurs in these windows is taken to be
the amplitude of the direct P; the amplitude of the signal outside the
windows is used to estimate the minimum amplitude of observable
surface reflections. The windows are shown in Figure 18. Obviously,
if the depth phases arrive inside the windows, they cannot be
distinguished from the direct P phases and, therefore, there is a
limit to the depth resolution of the potential discriminant. The
resolvability is summarized in Figure 19 in which the possible depths
that can be resolved are plotted versus the distance between station
and event. Figure 19 is pessimistic, since if we have some prior
experience in an area and know what to expect as dominant phases, we
may do much better. An example is the arrival from the 400 km

discontinuity (PCD) in northwest Eurasia. It is such a dominant later

phase that it alone could be used to estimate amplitudes of possible

surface reflections, substantially reducing the unresolvability.

There are many possible ways of defining and measuring complexity. We
chose a very simple one that fits with our model of the seismogram as

discrete arrivals: we use the ratio of the peak amplitude outside the




UPPER MANTLE RARRIVAL WINDOWS

Figure 18. Arrival windows for upper mantle ses.
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arrival windows to the peak amplitude inside the windows, up to some
maximum time that is determined by the possible depth range of the
event. As indicated in Figure 20a, for 256 explosion seismograms
recorded between 1000 and 3500 km, nearly 25% of the explosion records
had peaks outside the windows that were greater than those inside, a

percentage that seemed excessively high.

Figure 20b shows a histogram that illustrates the distances at which
the complexity model fails. On closer examination of the explosion
results, a set of 36 traces recorded at the NORSAR array elements
stands out. 29 of these 36 traces, shown in Figure 21, show high
amplitudes outside of the upper mantle arrival windows and late in the
records. A similar phenomenon can be observed in Figure 2 of King and
Calcagnile (1976). The local structure underneath the NORSAR array is
unlikely to be the cause because a second event, shown in Figure 22,
has no traces showing high amplitudes outside arrival windows.
Seismograms recorded at GRFO for 3 different events at similar
distances exhibit the same pattern of late, high amplitudes. This
suggests that the first arrivals at these distances are being
attenuated, relative to the coda. This is perhaps not too surprising
since these observations are close to the ends of the two branches,

PAB and PCD’ and scattered and diffracted energy associated with these

branches may be responsible for the apparently energetic coda. The
synthetic results presented in section 2 also show that the first

arrival is predicted to be small relative to the coda at these
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distances. Because of the relatively close proximity of NORSAR and
GRFQO. however, some azimuth effect can not be ruled out as a

contributing factor.

Having noted this apparently "anomalous" distance, we re-computed the

explosion results excluding the 42 traces in the distance range from

explosion records have high amplitudes outside the upper mantle
arrival windows. Although not a perfect score, this result is not

unreasonable given the many sources for error. Most of the remaining

problem data is at distances less than 2000 km. These include a
sample of NORSAR data from an event at 1500 km, and some data recorded
at KAAO from the Soviet test sites in East Kazakh. The KAAO data

showed a large amplitude arrival between the initial P arrival, (PAB)

' 2900 to 3200 km. These new results indicate that only 10% of the

and PCD' which was not included in our regionalization. The remaining

discrepancies can be attributed to slight mis-alignment of the trace
start times, overly restrictive upper mantle arrival windows, and poor

signal to noise levels.

A similar experiment, using 168 array-summed earthquake seismograms

from the NORESS array from shallow events at similar distances

windows that exceeded the amplitudes inside the windows. This result
cannot be further evaluated since the depths and focal mechanisms of

the events are unknown.

| indicated that 45% of the data had arrivals outside the upper mantle
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A complexity criterion for the 10 to 30 degree distance range that
takes into account the times when upper mantle arrivals are expected
provides observational evidence that the Pearce algorithm may be a
useful discrimination tool at these distances, given the requisite
azimuthal coverage. The above evaluation relies on a calibration
procedure. Explosion data was used to determine the velocity
structure and isolate the upper mantle arrival windows. We used a
small sample of explosion data recorded at a few stations to
extrapolate to what an explosion should look like at all distances in
the region of interest. It remains to be seen whether earthquake data

can be similarly used to calibrate a region.
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5.0 Autocorrelation and Cepstral Analysis of Upper Mantle Seismograms

The complex nature of upper mantle seismograms makes utilization of
the raw seismograms in locating depth phases difficult. 1If a
convolutional model applies for upper mantle P-waves, the
autocorrelation function is a useful device for separating upper
mantle and depth phases. Peaks corresponding to the pP-P, sP-P, and
sP-pP times should be consistent between stations when corrected for
distance, while peaks corresponding to upper mantle triplications will
vary in location depending on distance. If peéks corresponding to
depth phases can be identified in the autocorrelation functions, then
either a Pearce algorithm, or similar technique, can be used directly
on the autocorrelation functions, or the derived delay times can be

used in further processing and modeling of the raw seismograms.

Figure 23 illustrates a sample upper mantle seismogram and its
autocorrelation function. Clearly, the band-limited nature of the
correlation function, which spreads the zero-lag correlation peak,
limits the utilitv of the autocorrelation function for the
identification of depth phases for shallow events. Some form of
spectral balancing (or pre-whitening) must be applied. Two forms of
pre-whitening are compared in this work: replacing the
autocorrelation function by the power cepstrum and extracting and

deconvolving an effective wavelet from the autocorrelation function.
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The power cepstrum is the inverse Fourier transform of the logarithm
of the power spectrum. Use of the logarithm has the effect of
whitening the spectrum. In addition, the power cepstrum enhances the
spectral holes that result from interference of depth phases. This
latter feature is probably of little use in the range of ray
parameters present in upper mantle seismograms because changes in pP
times between branches can be as large as 5% of pP-P time. A change
of a few tenths of a second in pP timing may have relatively little
effect on the overall spectral shape at the frequencies of interest,
but it can effectively eliminate spectral holes making cepstral

estimates difficult to interpret.

An alternate form of pre-whitening is the application of a spiking
filter to the autocorrelation function. We start with a simple
convolutional model of the seismogram:

u(t) = s(€) * T ( (e;(t,py) * d;(£,p5) * q;(£) ) (1)
where s(t) is the source time function, ei(t,pi) is the ith refracted
arrival from the upper mantle with ray parameter (or slowness) P;»
di(t’pi) is the sequence of P, pP, and sP phases that have been
refracted along the propagation path characterized by ei(t,pi), and
qi(t) is the attenuation function for the ith upper mantle arrival.

To devise our spiking filter for the autocorrelation function, we make
some additional simplifying assumptions to our convolutional model in
Equation 1. One further assumption is that the difference in the

attenuation between the different upper mantle branches is negligible.
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This is justified by the work presented in Der et al. (1986) in which
they determined the differential t* for the major branches of the
upper mantle arrivals in western Eurasia. With this assumption, we
can separate the frequency dependent part of Equation 1 into the

effective source wavelet, se(t), where
A(t) = se(t) 0] se(t) * k(t) © k(t). (2)

In Equation 2, A(t) is the autocorrelation function, k(t) is the spike

wavetrain and © indicates correlation. Our final assumption is that

A

the windowed autocorrelation, A(t), windowed symmetrically about t=0,
is an approximation of the autocorrelation of the effective source.
This windowing is implemented in the frequency domain by smoothing the
power spectrum, typically with a boxcar or exponential, and by
dividing the original power spectrum by the result. Since the
autocorrelation is zero phase, a suitable spiking filter may be

expressed as:

[ o]

f(wo) = N W(wo- w) P(w) dw

-0

where W is a window function and P is the Fourier transform of the
autocorrelation function. For this study a symmetric boxcar window
function was used. The filtered correlation function used in this

study is:

- L{w) A(w)
Al0) = Flo) + ¢




where L is a low-pass filter, and ¢ is a water level used to stabilize

the deconvolution.

Figures 24-26 illurtrate the use of the spiking filter on examples of
an earthquake recorded at upper mantle distance. The data shown are
from an aftershock of the 1983 Borah Peak, Idaho earthquake observed
at distances ranging from 1700 to 2300. Note that while individual
spike autocorrelations, shown in Figure 26, show a significant number
of arrivals, only a few of these arrivals appear consistent from
station to station. Autocorrelations in Figure 25 have been processed
using a 0.5 Hz averaging window for the spiking filter, followed by a

3 Hz-corner low-pass filter to reject incoherent high frequency noise.

The autocorrelations show consistent arrivals at about 3 and 7
seconds. The coherent nature of these arrivals is illustrated by
performing a time stretch to equalize moveout of depth phases with
distance, enveloping, and stacking. The result, shown in Figure 27,
enhances the arrivals at 3 and 7 seconds. A 3 second pP-P time
corresponds well with the reported depth of 10 km. The nature of the

7 second arrival is not known.

Figure 28 illustrates the cepstra for this event. The stretched and
stacked cepstrum, shown in Figure 29, once again shows arrivals at 3
seconds and 7 seconds. The agreement between these two methods lends
some confidence that the observed coherent arrivals are not artifacts

of the processing method used.
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Initially, we had some optimism that meaningful polarity estimates
could be extracted from the spiked autocorrelation functions. It did
not prove any easier to observe polarity reversals on the processed
autocorrelations than on the original seismograms. Unambiguous
polarity estimates require good signal to noise properties over a wide
frequency band, which is seldom the case for later arrivals at upper

mantle distances.

65.




6.0 Conclusions and Recommendations

This research has explored several avenues for using short period
seismograms recorded at upper mantle distances for discrimination
purposes. The focus of the research was on characterizing the time
domain signature of seismograms from explosions and earthquakes and
searching for discriminants that reflect physical differences between
the two sources, such as depth and focal mechanism. Small events were
of particular interest, which necessitated examining short period
digital data. During this study, there was limited availability of
short period data with good azimuthal coverage required to constrain
focal mechanisms and depth. Thus most of our results are preliminary

and our conclusions are limited by the availability of data.

Current upper mantle models for northwest Eurasia, with reasonably
simple structures, are successful at predicting explosion seismograms
from that region. The arrival times and relative amplitudes of the
dominant phases can be accurately predicted and characterized.
Nevertheless, there is always the possibility of the P-waves sampling
a region of strong lateral heterogeneity, particularly near the source
or receiver, and thus confidence in discrimination based on depth,
source mechanism, or waveform complexity at a single station is small.
A multiple station approach with complete azimuthal coverage is
desired. Unfortunately, good coverage of the Soviet test sites of
interest has not been available until very recently, and so, many of

the ideas presented in this report could not be adequately evaluated.
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Theoretical calculations of seismograms between 500 and 4000 km using

the best available estimates of the velocity and attenuation structure
suggest that, at frequencies between 1 and 2 Hz, the maximum
amplitudes of the seismograms remain about constant between 750 and
2800 km. This result has implications for future network design and
should be explored further using data more relevant to short period

body wave propagation in the upper mantle.

Considerable effort was extended toward developing signal processing
techniques to extract amplitude and polarity information from complex
bandlimited waveforms using expected upper mantle models as
constraints. The results of these studies were not promising. There
appears to be significant differences in the amplitudes and phase of
reflected phases, pP and sP that cannot be adequately described by the
simple convolutional models that are assumed in the processing
algorithms. We particularly sought information concerning polarity,
since a clear reversal in polarity of a major later phase in the
seismic waveform should be a powerful discriminant. However, coda
levels at upper mantle distances are larger than typically observed at
teleseismic distances. Polarity determination requires good signal to
noise character over a broad range of frequencies, which is seldom the

case at these distances.

A more promising area of research would involve developing ways to
characterize observed complexity in seismograms at upper mantle
distances and use a generalization of the Pearce algorithm as a basis

for interpreting the observations. A major component of such an




approach is regional calibration of the upper mantle structure. This
is possible in northwestern Eurasia due to large number of explosions
from different regions. It is possible to estimate noise levels on
which to base complexity measurements. A more difficult region might
be one such as central Asia where little data has been recorded until
recently. It is then necessary to calibrate the paths using
earthquake data, which is much more difficult. One approach can be
borrowed from the seismic exploration industry and involves slant
stacking a large amount of data spread as much as possible over the
range of distances of interest. The method relies on averaging to
eliminate the effects of source depth and focal mechanism on the
observations and hence requires substantial data recorded at several
sites. The slant stack provides a convenient representation of the
average seismogram at any distance with depth and focal mechanism
removed and can be used as a reference against which to compare any

complexity measurements of interesting events.

A major objection to complexity measurements that we are proposing is
that they can obviously be confused by complex detonation patterns.
There are good theoretical methods for detecting multiple sources

1., 1973) however, there has been little evaluation of

(e.g. Flinn et
their effectiveness at regional distances. Any pursuit of complexity
measurements would necessarily involve potential methods of deliberate

evasion.
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